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Abstract We report on the measurement of the frequency
noise properties of a 4.6-µm distributed-feedback quantum-
cascade laser (QCL) operating in continuous wave near
room temperature using a spectroscopic set-up. The flank of
the R(14) ro-vibrational absorption line of carbon monoxide
at 2196.6 cm−1 is used to convert the frequency fluctuations
of the laser into intensity fluctuations that are spectrally an-
alyzed. We evaluate the influence of the laser driver on the
observed QCL frequency noise and show how only a low-
noise driver with a current noise density below ≈1 nA/√Hz
allows observing the frequency noise of the laser itself, with-
out any degradation induced by the current source. We also
show how the laser FWHM linewidth, extracted from the
frequency noise spectrum using a simple formula, can be
drastically broadened at a rate of ≈1.6 MHz/(nA/√Hz) for
higher current noise densities of the driver. The current noise
of commercial QCL drivers can reach several nA/√Hz,
leading to a broadening of the linewidth of our QCL of up to
several megahertz. To remedy this limitation, we present a
low-noise QCL driver with only 350 pA/√Hz current noise,
which is suitable to observe the ≈550 kHz linewidth of our
QCL.
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1 Introduction
Since their first demonstration in 1994 [1], quantum-cascade
lasers (QCLs) have been widely deployed in many types
of application, especially in high-resolution spectroscopy
and trace gas sensing. In trace gas sensing, QCLs have
been implemented with the most widespread spectroscopic
techniques, including long-path length [2], balanced detec-
tion [3], wavelength modulation spectroscopy [4], frequency
modulation spectroscopy [5], photoacoustic or quartz-en-
hanced photoacoustic spectroscopy [6, 7] and cavity ring-
down spectroscopy [8]. The characteristics of QCLs have
continuously been improved in the past decade, e.g. in
terms of output power, wavelength coverage or temper-
ature of operation. One of the most essential properties
for high-resolution spectroscopy is the laser spectral pu-
rity. Distributed-feedback (DFB) gratings have been im-
plemented to make single mode, continuously tunable
QCLs [9]. The first DFB-QCLs were operating in pulsed
mode and consequently suffered from an important chirp
resulting from the thermal heating of the laser structure dur-
ing the current pulses. Even with pulses as short as 5 ns,
the effective linewidth of pulsed QCLs was in the range
of 250 MHz [10], while longer pulses (10–50 ns) led to a
linewidth larger than 1 GHz [11, 12]. The achievement of
continuous-wave (cw) DFB-QCLs [13] was a major step
towards the application of the QCL technology in high-
resolution spectroscopy. For example, a linewidth at the
megahertz level was determined for a 4.3-µm DFB-QCL
from the width of a Lamb-dip obtained in a saturation spec-
troscopy experiment [14].
As a result of their small linewidth enhancement fac-
tor [15] and the presence of ultrafast non-radiative pro-
cesses [16], QCLs have a narrow intrinsic (or “instan-
taneous”) linewidth [17]. However, they are subject to
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flicker noise like any semiconductor device. Therefore, their
linewidth strongly broadens compared to the Schawlow–
Townes limit [18] at any observable timescale. Recently,
Bartalini and co-workers measured the frequency noise
power spectral density (PSD) of a 4.3-µm cw DFB-QCL
operated at cryogenic temperature [19]. Because of the
presence of flicker noise, the measured frequency noise
spectrum corresponds to a linewidth in the range of sev-
eral megahertz. More recently, we reported a frequency
noise PSD 100 times lower for a similar DFB-QCL at a
close wavelength of 4.6 µm, but operated at room tempera-
ture [20]. This corresponds to a sub-MHz linewidth at any
observation times of up to 1 s. To achieve such a narrow free-
running linewidth, one has to take care of the laser driver, in
such a way that the current noise does not degrade the laser
frequency noise and, therefore, broadens the linewidth. In
this paper, we used a spectroscopic set-up to measure the
frequency noise of a QCL. We discuss the impact of the
driver current noise to the laser frequency noise by compar-
ing experimental results obtained with two different drivers.
From the measured frequency noise spectra, we assess the
impact of these drivers to the laser linewidth. One of the
drivers used in our experiments is a low-noise current source
developed at TU Darmstadt. The current noise of this driver
is small enough to allow the frequency noise inherent1 to
the laser to be observed, without degradation induced by the
driver. In a second part, we discuss how a driver with a larger
current noise impacts the linewidth of a QCL.
2 Theoretical background: relation between laser
frequency noise and linewidth
The spectral properties of a laser are commonly described by
its linewidth, i.e. the full width at half maximum (FWHM)
of the optical lineshape. The linewidth of a laser can be
experimentally determined from the heterodyne beat with
a reference laser source or by self-homodyne/heterodyne
interferometry using a long optical delay line [21]. The
linewidth is a single parameter widely used to characterize
the laser spectral properties, as it allows for a simple and
straightforward comparison between different laser sources.
However, this specific parameter gives an incomplete pic-
ture of the actual frequency noise of the laser. In particular,
1In this paper, we introduce the notion of frequency noise inherent to
the laser, not to be confused with the commonly used concept of in-
trinsic frequency noise of the laser. The intrinsic frequency noise rep-
resents the white frequency noise induced by spontaneous emission
in the laser and is related to the intrinsic linewidth described by the
Schawlow–Townes relation [18]. Here, the frequency noise inherent to
the laser corresponds to the frequency noise originating from the laser
itself, without any contribution from the current source. It includes the
contributions of both the flicker noise and the intrinsic noise of the
laser.
it does not contain any information about the spectral distri-
bution of the noise. This is in contrast to the PSD of the laser
frequency fluctuations, which gives a complete picture of the
laser frequency noise, showing how the different noise spec-
tral components contribute to the laser linewidth. The mea-
surement of the frequency noise of a laser requires an op-
tical frequency discriminator to convert the laser frequency
fluctuations into intensity fluctuations that can be measured
with a photodiode. An optical frequency discriminator is a
device that displays a frequency-dependent transmission in
a restricted frequency range, such as a gas-filled cell near an
atomic/molecular resonance (Doppler-broadened [19, 20,
22] or sub-Doppler [23]), a Fabry–Pérot resonator [24] or
an unbalanced two-beam interferometer [25].
From the frequency noise PSD, the laser lineshape and,
thus, the linewidth, may be retrieved, but the reverse pro-
cess (i.e. determining the exact frequency noise spectrum
from the lineshape) is not possible. However, the exact de-
termination of the linewidth from the frequency noise spec-
tral density is not straightforward in most cases. This prob-
lem has been theoretically addressed for a long time [26–
29] and involves a two-step integration procedure as de-
tailed in [30]. The first step consists of calculating the auto-
correlation function of the electrical field ΓE(τ ) as an expo-
nential of the integral of the frequency noise PSD filtered by
a sinc2 function [26]. Then, the optical spectrum SE(ν) is
obtained in the second step by Fourier transform of ΓE(τ ).
However, only the ideal case of a pure white frequency
noise can be analytically solved [27], leading to the well-
known Lorentzian lineshape described by the Schawlow–
Townes–Henry linewidth [15, 18]. In all other cases, includ-
ing real laser frequency noise spectra encountered in prac-
tice, the procedure is far from straightforward and must be
performed by numerical integration. We recently proposed
a very simple approximation to determine the linewidth of
a laser from an arbitrary frequency noise spectrum [30]. We
showed how the frequency noise PSD spectrum Sδν(f ) can
be geometrically separated into two areas (the slow and fast
modulation areas) by a single line displayed in Fig. 1 that
we refer to as the β-separation line, defined as Sδν(f ) =
(8 ln(2)/π2) · f . Frequency noise in these two areas has a
completely different impact on the laser lineshape. Only the
slow-modulation area, for which Sδν(f ) > (8 ln(2)/π2) · f ,
contributes to the linewidth of the signal. The fast modula-
tion area (Sδν(f ) < (8 ln(2)/π2) · f ) only affects the wings
of the lineshape, without contributing to the linewidth. As
a result, the linewidth can be approximated with a good ac-
curacy (better than 10 %) from the surface A of the slow-
modulation area,
FWHM = √8 ln(2)A. (1)
The surface A corresponds to the geometrical area under
the frequency noise PSD obtained for all Fourier frequencies
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Fig. 1 Typical frequency noise spectrum of a QCL, composed of
flicker (1/f ) noise. The laser linewidth can be approximated from
the surface A (colored area in the plot) of the slow-modulation area
for which the frequency noise PSD exceeds the β-separation line
(Sδν(f ) > (8 ln(2)/π2) · f ). Inset: lineshape calculated from the exact
2-step integration of the frequency noise spectrum [26, 30] and corre-
sponding FWHM linewidth. In both cases a low-frequency cutoff of
200 Hz is introduced, corresponding to 5 ms of observation time
for which Sδν(f ) exceeds the β-separation line. In the case
of a typical frequency noise spectrum dominated by flicker
(1/f ) noise, as illustrated in Fig. 1 for our QCL, the surface
A diverges at low frequency. Therefore, a low-frequency
cutoff fc has to be introduced, which represents the inverse
of the observation time τo in which the linewidth is mea-
sured (fc = 1/τo). In such a case, the surface A is bounded
by fc at low frequency and by the crossing point with the β-
separation line at high frequency (as the noise at higher fre-
quency is lower than the β-separation line and thus does not
contribute to the linewidth. The principle of our linewidth
approximation is shown in Fig. 1 in the case of a real fre-
quency noise spectrum (corresponding to our QCL). The
approximated linewidth calculated from Eq. (1) is 562 kHz
if we consider a low cutoff frequency fc = 200 Hz (corre-
sponding to an observation time τo of 5 ms). This is in good
agreement with the linewidth of 625 kHz extracted from the
lineshape function computed from the exact 2-step numer-
ical integration of the frequency noise spectrum, shown in
the inset of Fig. 1.
3 Measurement set-up
3.1 Quantum-cascade laser
The laser used in the experiment is a 4.6-µm DFB-QCL
from Alpes Lasers SA, Switzerland, with continuous-wave
single-mode operation at room temperature. The laser is
temperature-stabilized at 278 K with a one-stage thermo-
electrical cooler. At this temperature, the threshold current
is 290 mA. The laser is usually operated at 350 mA to be
tuned to a molecular absorption line for the frequency noise
measurements (see Sect. 3.3 for more details). Under these
conditions, the laser output power is ≈6 mW and the bias
voltage is 10 V.
3.2 Laser drivers
The QCL was driven with two different current sources to
assess the impact of the current noise of the driver on the
laser frequency noise and linewidth. The first driver, labeled
Driver-1, is a home-made current source initially developed
to drive standard laser diodes. It was modified to support the
higher operating voltage of QCLs and can deliver a current
in the range of 0–500 mA at a bias voltage of up to 12 V at
the maximum current value. The current noise of this driver,
measured on a resistive load (30 ) at the same voltage and
current as used to drive the QCL, is around 2 nA/√Hz. This
value is not good enough not to affect the measured fre-
quency noise of our QCL, and therefore a better source was
developed.
The second driver, labeled Driver-2, is a QCL current
source developed at TU Darmstadt. It is based on the origi-
nal design of Libbrecht and Hall [31]. However, some mod-
ifications listed below are implemented in order to meet
the specific requirements of the QCLs regarding compliance
voltage and operating current. It also features the option of
an additional modulation input which can be used, e.g., for
various locking schemes.
To achieve a current of 500 mA at 12 V, the supply volt-
age has been increased to ±18 V, which is the specified max-
imum voltage for the operational amplifiers. Furthermore,
the value of the current sense resistor has been decreased
to 10 , representing the maximum value taking into ac-
count the dropout of the voltage regulator (LM317). For the
MOSFET and the coil, components with a low resistive load
have been selected to ensure a low power dissipation. Con-
sequently, no active air cooling is required. Since QCLs are
quite sensitive devices, all supply voltages are switched us-
ing solid-state relays, which show no bouncing and/or po-
tential voltage spikes. Furthermore, the relays are controlled
such that the supply voltages for the controller integrated
circuits are switched on before the power supply voltage for
the QCL itself and vice versa during the power off sequence,
thus preventing damage to the QCL. The current driver fea-
tures two external modulation input. A fast modulation of
up to 15 MHz is suited for fast frequency modulation of
the laser via its drive current, e.g. for Pound–Drever–Hall
locking [32]. In this case, the modulation amplitude is up
to 10 mA. In addition, a slow-modulation input allows a
full scale current modulation at lower frequencies of up to
100 kHz. This modulation input can be used to feed back
a correction signal to control the laser frequency in a stabi-
lization loop.
To minimize the noise figure of the driver, care has been
taken regarding its implementation. A four-layer board with
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Fig. 2 (a) Simulated transmission for the R(14) absorption line of CO
at 2196.6 cm−1 through a 1-cm long cell filled with pure CO at differ-
ent pressures (25, 50, 75 and 100 mbar). (b) Corresponding frequen-
cy-to-amplitude conversion factor as a function of the laser detuning
from the line center, determined as the derivative of the transmission
curves (a)
separate ground-, signal- and supply-layers has been manu-
ally routed while paying particular attention to short routes
at the critical points as well as proper grounding and shield-
ing. Furthermore, only ultra-low-noise operational ampli-
fiers in SMD (Surface Mount Device) packages were em-
ployed. Noise measurements reveal a maximum current
noise density of 1.5 nA/√Hz with the slow-modulation fea-
ture enabled and 350 pA/√Hz without slow-modulation, re-
spectively, measured on a resistive load in the same condi-
tions as for Driver-1.
3.3 Optical frequency discriminator
We use the flank of a molecular absorption line as an opti-
cal frequency discriminator as previously employed in [19,
20, 22]. Carbon monoxide (CO) is used in our set-up as a
result of the good spectral overlap between the QCL emis-
sion wavelength and the fundamental (0 → 1) vibrational
band of CO. With a proper adjustment of the laser tempera-
ture (coarse tuning) and current (fine tuning), the laser wave-
length coincides with the R(14) ro-vibrational transition of
CO at 2196.6 cm−1. Owing to the strong absorption of the
CO fundamental vibrational band (the linestrength of the
R(14) line is 2.01 × 10−19 cm−1/(molecule·cm−2)), a sin-
gle pass absorption cell with a pathlength as short as 1 cm
Fig. 3 (a) Variation of the calculated discriminator slope correspond-
ing to the R(14) absorption line of CO as a function of the gas pressure.
A 1-cm long gas cell filled with pure CO is considered. (b) Spectral
width of the CO frequency discriminator (red plain curve) as a func-
tion of the CO pressure. The discriminator width is defined as the laser
tuning range in which the CO frequency-to-amplitude conversion fac-
tor is within 10 % of the value shown in (a). The dashed (blue) curve
represents the detuning from the line center at which the maximum
discriminator slope occurs
is sufficient to produce a large absorption. Figure 2a shows
a simulation of the transmission through a 1-cm long cell
at different CO pressures. Spectroscopic parameters from
HITRAN08 database [33] have been used to compute the
CO Voigt lineshape. For faster computation, the analytical
approximation of the Voigt profile given by Whiting [34,
35] has been used. From the computed transmission curves,
the frequency-to-amplitude conversion factor, which is re-
ferred to as the discriminator slope Dν , has been determined
as a function of the laser detuning (Fig. 2b). The maximum
discriminator slope is achieved in the steepest part of the
CO transmission curve. Figure 3a shows how the cell filling
can be optimized to maximize the discriminator slope. The
optimal CO pressure is 6 mbar for a 1-cm long cell.
A scheme of our experimental set-up is shown in Fig. 4.
The laser beam is collimated with an aspheric ZnSe lens and
propagates through a 1-cm long gas cell filled with pure CO.
The CO cell pressure was generally 20 mbar in our exper-
iments. This is larger than the optimal pressure of 6 mbar
determined from Fig. 3a, but the corresponding 40 % reduc-
tion of the CO discriminator slope is not so important. In-
deed, the flank of the CO line remains steep enough to prop-
erly convert the laser frequency noise into intensity noise
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Fig. 4 Scheme of the
experimental set-up used for the
measurement of the QCL
frequency noise
even at high Fourier frequencies. The laser is tuned to the
flank of the CO absorption profile, where the frequency-
dependent transmission linearly converts the frequency fluc-
tuations of the laser into intensity variations. Behind the cell,
another ZnSe lens focuses the transmitted light onto a low-
noise liquid-nitrogen-cooled HgCdTe detector with 20-MHz
bandwidth. The amplitude fluctuations of the detector sig-
nal are measured with a fast Fourier transform (FFT) ana-
lyzer (Stanford Research System SRS770) for low Fourier
frequencies (up to 100 kHz) and with an electrical spectrum
analyzer (ESA), model Agilent E4407B, at higher frequen-
cies. To achieve a good spectral resolution over the entire
considered frequency range, each measured spectrum is ob-
tained from the combination of five FFT spectra of decreas-
ing spectral resolution (span of 0.024, 0.195, 1.56, 12.5 and
100 kHz) and of three ESA spectra (span 200–800 kHz,
1.6–6.4 MHz and 12.8–51.2 MHz). Each of these spectra
is obtained by co-averaging 200 individual FFT traces or
50 ESA traces. The PSD of the detector output voltage is
transformed into frequency noise PSD of the laser by nor-
malization with the squared value of the measured discrim-
inator slope Dν (Dν = 23 mV/MHz). This scaling factor is
determined from the recorded cell transmission obtained by
scanning the laser through the CO line. A linear fit of the
flank of the CO transmission profile provides the discrimi-
nator slope.
4 Experimental results
We measured the frequency noise spectrum of our QCL
driven by the two current sources described in Sect. 3.2 us-
ing the optical frequency discriminator detailed in Sect. 3.1.
Results are shown in Fig. 5. The contribution of the laser
intensity noise to the measured spectra is also shown to
demonstrate that the observed noise actually corresponds to
laser frequency fluctuations converted into amplitude noise
by the CO-line frequency discriminator, and does not di-
rectly result from laser intensity fluctuations. The laser in-
tensity noise was measured using the same set-up, with the
laser detuned from the CO transition and using the same
average optical power impinging on the photodetector as
for the frequency noise measurements. The contribution of
Fig. 5 Frequency noise of a 4.6-µm DFB-QCL operated at 278 K
measured with the use of two current drivers with a different cur-
rent noise (Driver-1: ≈2 nA/√Hz; Driver-2: ≈350 pA/√Hz). The fre-
quency noise of the laser is almost unaffected when Driver-2 is used,
whereas the current noise contribution becomes significant and creates
excess frequency noise between 1 kHz and 3 MHz when Driver-1 is
used
the laser intensity noise to the measured frequency noise
PSD (see Fig. 5) was obtained by scaling the PSD of the
photodetector output voltage by 1/D2ν . Finally, the contri-
bution of the photodetector and amplifier, measured with
the laser beam blocked and scaled into an equivalent fre-
quency noise in the same way, was determined to be negli-
gible (<10 Hz2/Hz),
It is clearly apparent from Fig. 5 that excess frequency
noise is observed in the range from 1 kHz to 3 MHz with the
use of Driver-1. On the other hand, we verified that the noise
spectrum measured with the use of Driver-2 corresponds to
the frequency noise inherent to the laser, without any deteri-
oration induced by the driver noise [20], apart for the small
bumps visible around 400 kHz and at higher frequencies.
The laser frequency noise shows a continuous 1/f α behav-
ior for all Fourier frequencies with α close to 1. The behav-
ior in the high frequency region (f > 100 kHz) is hidden
by spurious noise peaks induced by the current source but
the general 1/f trend remains visible. Therefore, there is no
clear indication in our data that the laser white frequency
noise is reached at Fourier frequencies up to 10 MHz. This
is in contrast to interband semiconductor lasers, for which a
1/f corner is commonly observed near 100 kHz. Although
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the white frequency noise level is not clearly observed in
our spectra, the 1/f corner observed in other works [19]
indicates that we should not be far from it. As a conse-
quence, an upper limit Sw ≤ 100 Hz2/Hz can be assessed
for the white frequency noise, corresponding to an intrinsic
linewidth2 Δνint = π · Sw ≤ 320 Hz.
The excess frequency noise observed with Driver-1 oc-
curs in the spectral range where the contribution of the
current source becomes comparable to the frequency noise
inherent to the laser. On the low-frequency side, this is
the case when the frequency noise inherent to the laser
drops below 107 Hz2/Hz, corresponding to the white fre-
quency noise contribution of the driver (white current noise
of 2 nA/√Hz combined with the laser tuning coefficient of
900 MHz/mA [20]). At higher frequencies, the current fluc-
tuations have much less effect on the laser frequency be-
cause of the ≈100 kHz bandwidth of the laser tuning re-
sponse (laser frequency transfer function) [20]. As a result,
the frequency noise spectra obtained with the two drivers
overlap at Fourier frequencies above ≈3 MHz, where the
drivers contribution becomes negligible compared to the fre-
quency noise inherent to the laser. Therefore, there is a spec-
tral range where the laser spectral properties are deterio-
rated by the noise of the current driver. The boundaries of
this spectral range depend mainly on the current noise of the
driver as well as on the magnitude and cutoff frequency of
the QCL tuning response.
2A further interesting point when discussing the frequency noise of a
laser is the white noise component Sw, which is directly related to the
laser intrinsic linewidth by Δνint = π · Sw [24, 26, 29]. The intrinsic
linewidth corresponds to the Schawlow–Tones linewidth given by [15,
18]:
ΔνST =
v2ghvnspαtotαm(1 + α2e )
4πP0
.
As mentioned in Sect. 1, the linewidth enhancement factor αe is close
to 0 in QCLs and notably lower than in other semiconductor lasers (typ-
ical value in the range 2–10 [36]). Theoretical considerations about the
intrinsic linewidth in QCLs have also led to the modified Schawlow–
Townes formula introduced by Yamanishi and co-workers [16]. The
Schawlow–Townes linewidth can be computed from the above ex-
pression where both the total losses αtot (mirror and waveguide) and
the mirror losses αm must be known. While the total losses can be
straightforwardly determined in a Fabry–Pérot laser, this is not the
case in a DFB laser as the losses of the grating (αDFB) have to be
accounted for. To estimate the total losses in our DFB, we compared
its threshold current with those of a similar Fabry–Pérot device. As-
suming similar waveguide losses αwg = 4.5 cm−1 in both cases (mea-
sured by the manufacturer on Fabry–Pérot devices) and using typi-
cal values of the laser parameters provided by the manufacturer, the
losses of the grating are estimated to αDFB = 1.47 cm−1. The estimated
losses are in good agreement with literature data [37] for a 9-µm QCL
(αwg = 6.7 cm−1, αDFB = 0.7 cm−1). With the spontaneous emission
coefficient nsp = 1, optical power P0 = 6 mW and αe = 0, we calculate
an intrinsic linewidth ΔνST ≈ 380 Hz, which is close to the upper limit
of the white frequency noise experimentally assessed from Fig. 5.
Fig. 6 (a) Simulation of the laser frequency noise corresponding to
drivers with different current noise densities. The lowest (red) curve
represents the modeled frequency noise inherent to the laser. (b) Cal-
culated laser linewidth (FWHM) as a function of the driver current
noise density (white current noise is considered). While the impact of
the current driver is moderate up to 2 nA/√Hz, the linewidth reaches
20 MHz for 10 nA/√Hz of current noise. The dashed curve repre-
sents the linear broadening rate (≈1.6 MHz/(nA/√Hz)) of the laser
linewidth as a function of the current noise
The increase of the QCL frequency noise due to the cur-
rent source leads to a broadening of the laser linewidth, cal-
culated from Eq. (1). In the present case, the laser linewidth
broadens from ≈550 kHz (Driver-2) to almost 1.5 MHz
(Driver-1) for an observation time of 5 ms and increases
slowly for longer observation times. While the linewidth
broadening is rather moderate in that case, it can become
dramatic for laser drivers with a higher current noise. Based
on the formalism of Sect. 2, we simulated the impact of dif-
ferent current noise levels to the linewidth of our laser. We
considered a modeled 1/f laser noise PSD with a value of
107 Hz2/Hz at 1 kHz, to which the contribution of differ-
ent current noise levels was added. The measured tuning re-
sponse of our laser (tuning coefficient of 900 MHz/mA with
a cutoff frequency of 100 kHz [20]) was used to convert
the driver current noise into laser frequency noise. White
current noise was considered for each driver, since it is the
most representative noise of typical laser drivers in the fre-
quency range relevant for this study. Results are shown in
Fig. 6a for three different noise levels of 350 pA/√Hz,
2 nA/√Hz and 10 nA/√Hz. The two first values approx-
imate very well the noise of the two laser drivers used in
our experiments and the computed frequency noise spectra
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are in good qualitative agreement with the measured spec-
tra. The highest current noise of 10 nA/√Hz typically cor-
responds to some commercial QCL drivers and illustrates
how the use of such drivers can increase the frequency
noise of a QCL. From the computed frequency noise spec-
tra, the corresponding linewidths were calculated as a func-
tion of the current noise using Eq. (1). Results are shown
in Fig. 6b for an observation time of 10 ms. While the
linewidth is almost not affected for current noise densities
≤ 1 nA/√Hz (corresponding to Driver-2) and only moder-
ately with 2 nA/√Hz (Driver-1), it is drastically broadened
for larger current noise, at a rate of ≈1.6 MHz/(nA/√Hz).
As an example, the calculated linewidth reaches 20 MHz for
a current noise density of 10 nA/√Hz. This linewidth broad-
ening arises from both the resulting higher laser frequency
noise PSD and the larger frequency range contributing to
the laser linewidth (given by the crossing point of the noise
spectrum with the β-separation line). This result illustrates
how a noisy laser driver can deteriorate the linewidth of a
QCL and shows that a great care must be taken in the se-
lection of a proper current source when narrow-linewidth
operation is required. However, it is important to note that
the lower the frequency noise inherent to the laser, the more
important becomes the contribution of the current driver.
In that sense, the impact of the laser driver is more criti-
cal in the present case of our room-temperature QCL than
for cryogenic QCLs, which showed to be much noisier than
room-temperature devices [19, 20, 38]. Therefore, the re-
quirements on the driver noise are much less stringent for a
cryogenic QCL since the inherent linewidth is broader, typ-
ically at the level of several megahertz [19].
5 Discussion and conclusion
We described a spectroscopic experiment aiming at char-
acterizing the frequency noise of a DFB-QCL at 4.6 µm.
The R(14) ro-vibrational absorption line of CO in the fun-
damental (0 → 1) band at 2196.6 cm−1 was used as a fre-
quency discriminator to convert the frequency fluctuations
of the QCL into intensity fluctuations, subsequently detected
with a fast photodiode. With this set-up, we investigated
the impact of the current noise of the laser driver on the
QCL frequency noise. Only a carefully designed low-noise
laser driver with a typical current noise of 350 pA/√Hz
enabled us to observe the inherent frequency noise of the
laser up to Fourier frequencies f > 100 kHz. The laser
frequency noise essentially consists of 1/f α noise with a
value of 107 Hz2/Hz at f = 1 kHz and decreasing down to
≈100 Hz2/Hz at f = 10 MHz. We experimentally showed
how the use of a driver with a marginally larger noise
(2 nA/√Hz) slightly degrades the laser spectral proper-
ties, broadening the QCL linewidth from ≈550 kHz to
≈1.5 MHz (at 10 ms observation time), as calculated from
the frequency noise PSD using a simple formula. Then, we
showed how the QCL linewidth would be even more dra-
matically broadened when the noise of the driver increases.
In the case of a pure 1/f laser noise with 107 Hz2/Hz at
f = 1 kHz, similar to our QCL, we determined a linewidth
broadening rate of 1.6 MHz/(nA/√Hz) as a function of
the current noise density of the laser driver (assuming a
white current noise). Noting that some commercial QCL
drivers are specified with a current noise density of sev-
eral nA/√Hz, our results show the importance of a proper
choice of the QCL driver in applications requiring a nar-
row linewidth. This might be important for high-resolution
molecular spectroscopy, but it becomes essential if one
aims at significantly narrowing down the QCL linewidth us-
ing a servo-loop, e.g. by frequency stabilization to a high-
finesse optical cavity using the Pound–Drever–Hall tech-
nique, which is our objective in the near future [20]. If the
current noise of the driver increases, not only the overall
laser frequency noise PSD rises, but also noise components
of higher frequency contribute to the linewidth. As a conse-
quence, the requirements on the feedback bandwidth needed
to narrow the QCL linewidth, which is roughly given by
the crossing point of the frequency noise spectrum with the
β-separation line [30], become more stringent. The use of
a low-noise laser driver as shown in this work enabled us
to observe the inherent frequency noise of a free-running
QCL without degradation from the current noise. This is an
important advantage in view of the realization of an ultra-
narrow linewidth QCL. The low-noise properties of our cur-
rent source (350 pA/√Hz), combined with the low inherent
frequency noise of our room-temperature QCL, indicate that
a high reduction of the QCL linewidth can be obtained by
frequency stabilization to an ultra-high-finesse optical cav-
ity with a moderate feedback loop bandwidth on the order of
100 kHz. This is fully compatible with the QCL frequency
modulation response. On the other hand, the use of a current
source with a higher noise, as observed in some commer-
cial QCL drivers, would push the required bandwidth to a
value of some megahertz, which is much more challenging
to achieve.
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